The average surface temperature on earth has been increasing since the industrial revolution because of increasing CO 2 concentration and hence green house effect (IPCC, 2007a) . The average summer temperature in Japan rose at the rate of 1.00ºC per 100 year from 1891 to 2011 because of global warming (Japan Meteorological Agency, 2012) . The global warming and hence high temperature at the growing season affected the yield and quality of the crops (IPCC, 2007b) .
Rice (Oryza sativa L.), the staple food in Japan, is also affected by high temperature during the ripening stage which seriously damages the grain quality mainly increasing the percentage of chalky grains. The occurrence of chalky grains increases when the average temperature during 20 days after heading exceeds 26ºC (Kondo et al., 2006) . The increase in the fissured grains is another problem caused by temperature during 1 -10 days after heading in rice (Nagata et al., 2004) . Furthermore, the high temperature during the flowering stage increases the abundance of sterile grains and, hence, severely decreases the grain yield (Matsui et al., 2001; Mohammed and Tarpley, 2009) .
Global warming will increase fluctuations in the climate (IPCC, 2012) ; and cold spells will still occur, although they will become less frequent (NOAA, 2010) . Therefore, we need methods that can supply a high temperature to develop tolerant cultivars as well as to improve cultivation methods that may reduce the high temperature effect at the ripening stage.
There are already several methods of high-temperature treatment. The circulation of warm water (35ºC) over the surface of the paddy field (Ishizaki, 2006) is one effective method of high-temperature treatment in the field. However, the initial costs and the costs of the heat source are high with this method, so it is not often used. Another problem is that this method first raises the soil and water temperatures; the air temperature rises later. The effect of the rise in root temperature has not been investigated intensively, and it is still not clear whether the effect of this method is the same as that of naturally high air temperature conditions.
Placing an open-sided plastic greenhouse in the paddy field (Komaki et al., 2002 ) is a popular method because many samples can be treated at a low cost. However, the plastic film cover reduces the solar radiation. In addition, the height of the sides of the greenhouse strongly affects the temperature, such that the panicles in higher positions are subjected to higher temperatures, and tall cultivars may be affected more.
The high-temperature treatment of covering the panicles with a plastic film tube (Terao et al., 2010 ) is inexpensive and can be used to compare panicles within an individual plant. However, it is difficult to treat a large number of samples with this method.
Growth chambers can be used to control the air temperature precisely, but they can be used only in studies that have clear targets because they are expensive and can treat only a small number of samples.
Heater array is a high-temperature treatment method using infrared heaters (1000 W) to the field tilting 45º horizontal and combining six of them in a hexagonal array (Kimball et al., 2008) . Uniform warming was achieved across 3 m diameter plot in the daytime and nighttime. This method can be used only in the field equipped with an electrical source at more than 6000 W. The electricity cost of this heater array will be very high in high electricity cost countries such as Japan and some European countries (IEA, 2012) .
The open-top chamber (OTC) is inexpensive and has a small shading effect, particularly when the sun angle is high, although the rise in temperature during the daytime is as low as 0.5ºC (Chiba and Matsumura, 2006) .
The high-temperature treatments that are currently in use and listed above have merits and demerits. One of the method selection criteria is whether the method uses solar radiation or other types of energy, such as fossil fuels, to raise the temperature. Although solar energy is useful only in fine weather, the running costs of solar-driven methods are cheaper than those of other methods unless there is an appropriate heat source. Therefore, we tried to develop a high-temperature treatment that used solar radiation to stably treat large numbers of samples in the field at a low cost. From this perspective, improving the OTC to enhance the temperature-increasing effect might be an easy and promising strategy.
The OTC was originally introduced to expose plants to gases, such as air pollution (Heagle et al., 1973) and was used for the study of the plant response to elevated CO 2 (Rogers et al., 1983) . However, Long et al. (2005) indicated that the problem of the OTC method is in changes in environmental conditions, such as light and humidity. The decrease in radiation by the side wall of the OTC is a function of the sun angle (Olszyk et al., 1980; Drake et al., 1989; Whitehead et al., 1995; Norby et al., 1997) . Additionally, there are differences in microclimatic conditions between inside and outside of the OTCs, that is, the difference in the temperature (4.3ºC) and water vapor deficit (Whitehead et al., 1995; Norby et al., 1997) . Although most of the OTCs aim to change gas conditions such as CO 2 concentrations without changing the air temperature, hence adopting the term "air-conditioned OTC", our aim is to raise the temperature inside the OTC to simulate the warming conditions. Therefore, no air conditioning apparatus was added, but an apparatus to warm air by solar radiation, called solar-heated air introduction tunnel (SAT) was added to supply warm air into the OTC (OTC-SAT). The problems of side wall shading and humidity change may be partly overcome by widening the OTC or improving the air flow inside the OTC by adding SAT.
Materials and Methods

Location of experiment and direction of the wind
The experiment was conducted at the Hokuriku Research Center (37º7΄N, 138º16΄E), NARO Agricultural Research Center, National Agriculture and Food Research Organization, in Joetsu, Niigata, Japan. In this area, the sea breeze comes from the north during the day, and a land breeze from the south at night (Nakagawa and Yokoyama, 2002) .
2. Experiment 1. Improvement of the OTC shape and its effect on the rise in temperature In 2010, we equipped a paddy field with 3 types of OTC-SAT (Fig. 1 , OTC-SAT-A, -B, and -C), and transplanted medium-size seedlings of the rice cultivar 'Koshihikari' on 20 May. The OTC was 4.5 m long, 1.8 m wide, and 1.4 m high, and the side was covered with plastic film (0.1 mm thick, Nobi-ace-mirai, Mitsubishi Plastics Agri Dream Co., Ltd., Tokyo, Japan). The SAT was attached to the north side of the OTC, i.e., the side from which the sea breeze comes. The SAT was semicircular, 1.8 m wide, 0.45 m high, and 3 m long; it was supported by an 11-mm diameter steel tunnel prop and enclosed with plastic film. The surface of the field inside of the SAT was covered with black plastic film. The OTC-SAT-A had the SAT on the air intake side, and the only other opening was on the air exhaust side. The OTC-SAT-B, contained a sloping wall made from cucumber props that was covered with plastic film, attached to the north side of the OTC to reduce the air disturbance. In OTC-SAT-C, an air exhaust tunnel was added to the south side of the OTC to improve the air flow inside of the OTC. The exhaust tunnel was 1.5 m long, 1.8 m wide, and 0.45 m high at the junction to OTC and 0.8 m high at the exhaust end.
In 2011, we set up 2 types of OTC-SAT on 22 July to test the suitability of the shape of the air exhaust tunnel. One was OTC-SAT-C (the same as that used in 2010), and the other was (OTC-SAT-D) having a larger air exhaust tunnel and with the same sloping wall (Fig. 1) . The height of the air exhaust tunnel in OTC-SAT-D was 0.45 m at the junction to OTC and 1.4 m at the exhaust end. The tunnel was 2 m long and 1.8 m wide. We planted medium-size seedlings of the rice cultivar 'Sasanishiki' in OTC-SAT on 17 May. From 4 August to 9 September 2010 and from 23 July to 12 August 2011, we measured the air temperature in OTC 0.9 m above the ground and at different distances from the SAT using a temperature data logger (Thermochron SL type, KN Laboratories, Inc., Osaka, Japan) that was attached to the radiation shield housing, which was made of 5 layers of waterproof, white-painted paper dishes. The distance from the SAT to the measuring points was 0. In 2011, we used OTC-SAT-CW, which was the same as OTC-SAT-C, but had an expanded width (5.4 m, three times the width of OTC-SAT-C) to increase the area for the high-temperature treatment (Fig. 1) . The air temperature was measured in the east, middle, and west rows in OTC-SAT-CW. We examined the effect of this OTC-SAT on the grain quality of Sasanishiki and 13 standard rice cultivars with different levels of tolerance to heat-induced quality decline (Ishizaki, 2006) . The tolerances of the 13 standard cultivars and their heading dates are listed in Table 1 . Sasanishiki is susceptible or moderately susceptible according to Iwashita et al. (1973) and our previous experiment (data not shown). We planted medium-sized seedlings of the 14 cultivars in OTC-SAT-CW on 17 May and grew them until maturity. The planting density was 22.2 hills m -2 with 3 plants per hill. We harvested 4 hills of every cultivar at 0.45, 1.35 m, 2.25 m, 3.15 m, and 4.05 m from the SAT.
We also grew the same cultivars in a simple OTC (Fig. 1 , OTC) (Chiba and Matsumura, 2006) , in which warm air was not introduced in a plastic greenhouse and in a plastic film tube (Terao et al., 2010) in the same paddy field and in a natural-light growth chamber. The occurrence of chalky grains in those samples was examined in comparison with that in the other methods. The size of the OTC was 1.8 × 1.8 × 1.5 m (width × length × height) and that of the plastic greenhouse was 0.72 × 10 × 1.8 m. The side walls of the plastic greenhouse were open from 0.6 m above the ground. A total of 4 hills of each cultivar were harvested in the OTC and 5 hills in the plastic greenhouse. As controls for the high-temperature treatments (OTC-SAT-CW, OTC, and plastic greenhouse), 10 hills were harvested in the field. For the plastic tube hightemperature treatment, a tube of plastic film (A4 OHP film, PP2500, Sumitomo 3M Ltd., Tokyo, Japan) was added 3 days after heading to cover a panicle on each hill; another panicle on the same hill that had headed on the same day was selected as the control, as described in Terao et al. (2010) . A total of 5 hills for each cultivar were used in the plastic film tube experiment.
For the growth chamber experiment, 3 rice seedlings were planted in a 0.02-m 2 Wagner pot and grown outside until heading. When the first panicle had headed, the pots were brought into a natural-light growth chamber (Koitotron 4S-135A special type, Koito Electric Industries, Ltd., Yokohama, Japan). Two plants were grown in each pot until maturity under the control (27/22ºC day/night) or high-temperature (32/27ºC day/night) conditions. To maintain uniform light conditions among the pots, the positions of the pots were rotated every week outside and every day in the growth chamber.
Brown rice grains that were thicker than 1.8 mm were used to investigate the grain quality with an ES-1000 rice inspector (Shizuoka Seiki Co., Ltd., Shizuoka, Japan). The total number of milky white, white-belly, and immaturebase grains was used as the total number of chalky grains.
4. Experiment 3. High-temperature treatment using the reverse direction wind OTC-SAT-E was symmetrically equipped with a much larger exhaust tunnel on one side and with an air intake tunnel of the same shape on the other side (Fig. 1) ; we considered that this set-up might be useful in areas where the wind direction was not constant. The roles of the SAT and the air exhaust tunnel were exchanged by the wind direction. The OTC of OTC-SAT-E was 2 m wide, 1.6 m high, and 4.5 m long. The height of the large intake and exhaust tunnels was 0.45 m at the OTC side and 1.6 m at the end. The tunnels were 3 m long and 2 m wide. Medium-size seedlings of the rice cultivar 'Sasanishiki' were transplanted on 17 May 2011 at a density of 22.2 hills m -2 . We measured the temperature every 20 min in the OTC and outside (control) from 31 July to 19 August, although the treatment continued until the end of August. The measurement positions were 0.6 m, 1.8 m, 3 m, and 4.2 m from the northern air intake. The rice plants from 9 hills around the thermosensor were harvested. We investigated the quality of the rice grains using the ES-1000 rice inspector without sieving. The chalky grains (the total milky white, white-belly, and immature-base grains) and dead grains (indicating very severe chalkiness) were enumerated.
Weather data
We used the weather data that had been measured in the research field of the Hokuriku Research Center that were provided by the Research Project of Crop Management under Climate Change to analyze the effects of solar radiation and wind on the rise in temperature in the OTC-SAT. The Automated Meteorological Data Acquisition System (AMeDAS) that records the data every hour rose by as much as 2.2ºC near the SAT, but the temperature elevation decreased with increasing distance from the SAT, as in the 2010 experiment. The temperature gradient patterns were almost the same as those in OTC-SAT-C in 2010 and 2011. On the other hand, the daytime temperature in OTC-SAT-D, which had a larger air exhaust tunnel, rose uniformly to approximately 1.2ºC from the area near the SAT to a distance of over 3 m from the SAT. Therefore, increasing the size of the air exhaust tunnel might have helped to flatten the gradient. As in 2010, the nighttime temperature of the OTC-SATs did not increase in 2011.
These results indicate that OTC-SAT-D, which was equipped with a sloping wall and large air exhaust tunnel, was useful for evening out the rise in temperature. Fig. 3 shows an example of the diurnal variation of the air temperature in OTC-SAT-C in 2011 at different distances from the air intake. The temperatures in the OTC-SAT during daytime were highest at 0.45 m, followed by 1.35 m, 2.25 m, and 3.15 m, and lowest at 4.05 m. Although the temperature at 4.05 m was the lowest, it was still higher than that of the control. The temperature in the OTC during the nighttime was the same as that of the control.
Effect of solar radiation intensity and wind speed on the rise in temperature in the OTC-SAT
To evaluate the effect of solar radiation on the rise in temperature in the OTC-SAT, we analyzed the relationship (hourly) from the Japan Meteorological Agency (http:// www.data.jma.go.jp/obd/stats/etrn/index.php) were used to analyze the wind direction in August in the major cities of every prefecture of Japan to evaluate the areas of Japan where the OTC-SAT would be usable.
Results
The rise in temperature in the OTC-SAT
The daytime (0600 -1800) and nighttime (1800 -0600) temperatures in OTC-SAT-A, -B, and -C at different distances from the SAT, as well as those in the corresponding positions in the control, were measured in 2010 (Fig. 2a) . At 0.5 m from the SAT, the daytime temperatures in all of the OTC-SAT types were approximately 2ºC higher than in the control. However, the temperature rapidly dropped with increasing distance from the SAT in OTC-SAT-A, resulting in a very small rise in temperature 4.0 m away from the SAT. This temperature gradient was slightly reduced in OTC-SAT-B, which was equipped with a sloping wall and was further reduced in OTC-SAT-C, which was equipped with a sloping wall and an air exhaust tunnel. The addition of the sloping wall and air exhaust tunnel was, therefore, effective in reducing the temperature gradient in the OTC. At night, there was no rise in temperature in any of the OTC-SATs.
The daytime temperatures in the OTC-SATs and the control in the 2011 experiment, in which we investigated the effects of increasing size of the air exhaust tunnel, are shown in Fig. 2b . The daytime temperature in OTC-SAT-C between the total solar radiation and daytime rise in temperature in OTC-SAT-C and -D (Fig. 4a and b , respectively). The daytime rise in temperatures in OTC-SAT-C and -D were positively and significantly correlated with the solar radiation, except at 2.25 m from the SAT of OTC-SAT-C. In OTC-SAT-C, the regression line at 0.45 m was far higher and the slope much steeper than at the other measuring points, indicating that the rise in temperature near the SAT was severely affected by the intensity of solar radiation. In contrast, the regression lines were much closer and the slopes were similar to those at other measuring points in OTC-SAT-D, showing that a similar rise in temperature is reached further away. However, this positive correlation between the solar radiation and the rise in temperature seems to depend on the inclusion of the data with low solar radiation. If the solar radiation data less than 10 MJ m -2 d -1 were omitted, the positive correlation would disappear (dotted regression Fig. 4a and b) . Fig. 4c and d show the relationship between the hourly records of solar radiation and the concurrent rise in temperature from 0900 to 1500 when wind blew from the quarter sector around north. This relationship is similar to that of the daily records: the higher the hourly solar radiation, the greater the rise in temperature. However, the rise in temperature also seems to be saturated at the radiation higher than 2 or 2.5 MJ m -2 hr -1 . To evaluate the effect of wind speed on the rise in temperature in the OTC-SAT, we analyzed the relationship between the wind speed and the rise in temperature using the hourly data of wind speed that were averaged for 10 min before that hour and the concurrent temperature from 0900 to 1500 in OTC-SAT-C and -D in 2011 (Fig. 5) . When the solar radiation was less than 2.5 MJ m -2 hr -1
, the temperature rose with the increasing wind speed (Fig. 5a  and b) . This correlation between the rise in temperature and wind speed might be caused by the difference in the solar radiation. Fig. 5e shows the relationship between the solar radiation and wind speed. The wind speed was positively correlated with the solar radiation. Analysis of the correlation between the rise in temperature and the wind speed under high solar radiation (2.5 MJ m -2 hr -1 or more) at which the rise in temperature seems saturated ( Fig. 4c  and d) showed that the rise in temperature decreased with the increasing wind speed (Fig. 5c and d) .
Expansion of the OTC width and its effect on the grain quality: comparison with other treatment methods
To increase the treatment area, we tripled the width of OTC-SAT-C and created OTC-SAT-CW. We measured the daytime temperature at different distances from the SAT in the east, middle, and west rows of the OTC-SAT-CW (Fig. 6 ). All 3 rows showed almost identical patterns in which the temperature decreased with increasing distance from the SAT.
Standard cultivars differing in tolerance to high temperatures during the ripening stage (Ishizaki, 2006) were grown in OTC-SAT-CW in 2011, and the occurrence of chalky grains was measured (Fig. 7) . The figure shows the chalky grain percentages of the tolerant (Fusaotome), moderately tolerant (average of Tentakaku, Hanahikari, Koshijiwase, and Koshihikari), intermediate (average of Hitomebore, Haenuki, and Hounenwase), moderately susceptible (average of Ajikodama, Kagahikari, and Ougiwase), and susceptible (average of Todorokiwase and Koshinohana) cultivars at different distances from the SAT. Although the differences among the cultivars decreased with increasing distance from the SAT, the tolerant strains consistently had a lower percentage of chalky grain. These standard cultivars were selected by averaging the percentages of chalky grains determined by several methods (Ishizaki, 2006) . The OTC-SAT will screen a group of tolerant strains similar to those selected by averaging the results obtained by other methods. We evaluated the effects of the high-temperature treatment using OTC-SAT-CW, the OTC, the plastic greenhouse, the plastic film tube, and the growth chamber in 13 standard cultivars and Sasanishiki. The relationship between the rise in temperature and the chalky grain percentage is shown in Fig. 8 . The temperature was not measured in the plastic film tube and was, therefore, omitted from the statistical analysis. There was a linear relationship between the daytime temperature and the average chalky grain percentage (Fig. 8a) . However, the increase in the chalky grain percentage with the rise in temperature in the growth chamber was slightly lower than that in the other methods. We examined the effect of the nighttime temperature on the percentage of chalky grains (Fig. 8b) . Although the nighttime temperatures (except for those in the growth chamber) were almost the same as in the control, the percentage of chalky grains increased with the rise in daytime temperature.
We calculated the coefficients of correlation of the increase in chalky grains relative to the control in each treatment with those in other treatments ( Table 2 ). The correlation coefficients among values in OTC-SAT-CW (CW1 -5), OTC, plastic greenhouse, and plastic film tube were significant. However, the coefficients of correlation of the value in the growth chamber with that in other methods (except for OTC-SAT-CW3, OTC-SAT-CW5, and the OTC) were not significant.
OTC-SAT adaptable to the reversed wind direction
OTC-SAT-D, and most likely OTC-SAT-DW, may be useful in areas where the daytime wind direction is uniform. However, the wind direction often changes. For example, the wind direction in Joetsu is usually from the north, but at the time of the foehn wind it is reversed. To improve the OTC-SAT to adapt to winds from different directions, we developed the symmetrically designed OTC-SAT-E (Fig. 1) , which can be used in winds from opposing directions. The larger air exhaust tunnel effectively decreased the temperature gradient in OTC-SAT-D. Therefore, OTC-SAT-E had a much larger exit as an air introduction tunnel on both sides to collect more air. The daytime temperature in OTC-SAT-E is shown in Fig. 9 . The daytime temperature gradient from the air intake to the exit was eliminated, but the temperature at the point near the air intake, did not increase so much as at other points. The percentage of chalky grains increased at the center of OTC-SAT-E. However, the percentage of dead grains was higher near the air intake. As in the other OTC-SATs, the nighttime temperature was the same as in the control.
Discussion
Effect of the OTC-SAT and improvement of its temperature gradient
To develop a high-temperature treatment method that used solar radiation to stably treat large numbers of samples in the field at a low cost, we improved the simple form of the OTC (Fig. 1) , which was surrounded by plastic film by attaching an SAT that may raise the temperature of air passing through and air exit to flow through the warmed air was attached. In addition, the length of the OTC was increased to 4.5 m to evaluate the effect of air flow compared to the 1.8 m square OTC. In the basic type of OTC-SAT (OTC-SAT-A) that had only the SAT but not the specific exit exhibited a high daytime temperature near the SAT, but it declined rapidly with increasing distance from the SAT (Fig. 2) . Adding a sloping wall (OTC-SAT-B in Fig. 1 ) slightly decreased the temperature gradation compared to that of OTC-SAT-A, but the effect was not satisfactory. Adding an air exhaust tunnel (OTC-SAT-C) effectively decreased the temperature gradient, but additional improvement was necessary. In 2011, we increased the size of the air exhaust tunnel to decrease the daytime temperature gradient (OTC-SAT-D). As a result, the daytime temperature gradient was further reduced and, although a slight gradient remained, an almost uniform rise in temperature of approximately 1.2ºC from the area near the SAT to a distance of over 3 m from the SAT was achieved. Although the area of uniform rise in temperature was not expanded to 4.5 m, this is practical. The optimum size of the exhaust tunnel was not investigated, but a more even rise in temperature might be obtained by increasing the size of exhaust exit.
Increasing the size of the tunnel in both sides of the OTC (OTC-SAT-E) resulted in a center-peaked temperature distribution as well as the occurrence of a chalky grain distribution. It seems that the temperature gradient from the inlet of air to the exhaust side had been eliminated, but because of the large opening, the outside air could be exchanged more easily near both sides of OTC and, therefore, decreased the air temperature in those locations. It might be necessary to narrow the opening of the tunnel near the OTC to optimize the air flow and thus establish a uniform rise in temperature. In contrast to the chalky grains, the percentage of dead grains (the most severe manifestation of high-temperature damage) increased near the air intake. The reason for this increase is not clear, but it may be due to the temporary but severe rise in temperature that occurred near the air intake. These temperature surges might have occurred because more time was taken for the slow winds to pass through the tunnel. The OTC-SAT-E design should have the same effect if the wind direction is reversed and is thus theoretically useful in such areas, although we had no chance to investigate the effects of an opposing wind direction. The linear gradient of daytime temperatures in OTC-SAT-A and -B from air intake to exhaust was similar to that in the temperature gradient chamber (TGC), which is used to estimate the effects of different degrees of temperature increases on the rice quality (Tsukaguchi and Iida, 2008) . Therefore, an OTC-SAT without a sloping wall or air exhaust tunnel is as useful as a TGC for investigating the effects of various temperatures on the rice quality.
Expansion of the treatment area in the OTC-SAT and its effect on the light condition
We expanded the width of OTC-SAT-CW to 3 times the width of OTC-SAT-C to increase the treatment area. This width expansion did not affect the temperature profile inside of the OTC and, thereby, the treatment area might be expanded (Fig. 6) . Also the increase in the width of the OTC would reduce the shading effect that is caused by the presence of the side walls. The shading effect of the side wall is the main problem of the OTC (Olszyk et al., 1980; Drake et al., 1989; Whitehead et al., 1995; Norby et al., 1997) . This effect was not negligible even if the diameter of the OTC was approximately 2 m (Heagle et al., 1973; Collins et al., 1995; Long et al., 2005) , but the percentage of shaded areas might be reduced if the width of the OTC is increased to 5.4 m or more. It is very likely that using a wider version of OTC-SAT-D (OTC-SAT-DW) would increase the treatment area with the uniform pattern of rise in temperature and would be promising for the hightemperature treatment of wide areas.
The effect of the rise in temperature by solar radiation intensity
The temperature in the OTC-SAT is raised by solar radiation. Thereby, the extent of the rise in temperature is increased by the increasing solar radiation (Fig. 4) . When the daily solar radiation was less than 10 MJ m -2 d -1 on cloudy or rainy days, the temperature in the OTC-SATs did not rise, and when it was approximately 15 MJ m -2 d -1 or more, the temperature rose. Additionally, a similar relationship was observed in the hourly record of solar radiation and rise in temperature. The rise in temperature seems to saturate at 2.0 -2.5 MJ m -2 hr -1 solar radiation. This apparent saturation of the rise in temperature is due to warm air escaping from the upper opening of the OTCSATs. This saturation showed that the temperature in the OTC-SATs is sufficiently increased if the amount of the solar radiation is higher than 15 MJ m
, that is more than 60% of full radiation.
Humidity and wind in the OTC-SAT
Another problem with the OTC might be the effect of the turbulence of the air flow by the side wall on the water vapor deficit (Whitehead et al., 1995; Norby et al., 1997) . Dabros et al. (2010) revealed that the absolute humidity at the time of maximum temperature in an OTC that was set in a transitional mixed wood forest was higher than that in the control during summer. We did not measure the humidity and wind speed inside the chamber. However, our OTC-SATs were set in paddy field covered with water, which may supply humidity to the plants grown both inside and outside of the OTC-SAT. Additionally, the wind can pass through easily inside the chamber. Thereby, the inside environment of our air flow-type OTC-SAT is less isolated compared to the authentic OTC, which has a completely covered side wall. The effect of wind speed in our research field on the rise in temperature in the OTC-SAT was evaluated in Fig. 5 . When the solar radiation was less than 2.5 MJ m -2 hr -1 , a stronger wind seems to raise the temperature more. However, this rise seems to be an artifact that is caused by the positive correlation between the wind speed and the solar radiation; the higher solar radiation caused both the wind speed increase and the rise in temperature (Fig. 5e) . When the solar radiation was 2.5 MJ m -2 hr -1 or more, strong enough to saturate the rise in temperature, the rise in temperature seems to be negatively correlated with the wind speed (Fig. 5) . A higher speed wind may pass through the SAT rapidly; therefore, the rise in temperature is considered to be low if the effect of solar radiation is the same. This negative correlation of the wind speed with the rise in temperature suggests that enough air flew inside of the OTC-SAT.
When the CO 2 concentration inside the OTC is not controlled, the decrease in the daytime CO 2 concentration in the OTC might be another problem that may lower the quality of the rice grains. Although we did not measure the CO 2 concentration inside the OTC-SAT, its decrease in the OTC-SATs is considered to be less than that in the authentic 2-m diameter OTC that is surrounded by plastic film (Heagel et al., 1973; Collins et al., 1995; Long et al., 2005) due to the continuous air flow.
Effect of the rise in temperature in the OTC-SAT on the quality of the rice grains
We examined the effect of the OTC-SAT-CW on the quality of the rice cultivars using the standard cultivars differing in high-temperature tolerance (Ishizaki, 2006) in comparison with that of other high-temperature treatment methods (the OTC, the plastic greenhouse, the plastic film tube, and the growth chamber). Although those treatment methods, except for the growth chamber, raised the temperature only in the daytime, the percentage of chalky grains was increased. In addition, there was a linear relationship between the daytime temperature and the average chalky grain percentage (Fig. 8a) . Morita et al. (2002 Morita et al. ( , 2004 revealed that the rice grain quality was affected by either the daytime temperature or the nighttime temperature during ripening. Our results show that the high daytime temperature is important for the degradation of the rice grain quality regardless of the nighttime temperature. Thereby, the high-temperature treatment using the OTC-SAT is usable even if the nighttime temperature is not raised. This result is similar to that of Terao et al. (2010) in which the plastic film tube increased only the daytime temperature and was still effective in decreasing the grain quality.
We calculated the coefficients of the correlation of the chalky grain increase relative to the control in each treatment with those in the other high-temperature treatments (Table 2 ). There were significant correlations among the values in OTC-SAT-CW, the OTC, the plastic greenhouse, and the plastic film tube. However, the correlation coefficients between the values in the growth chamber and those in the other treatments were small. There are three possible reasons why the effects of the growth chamber differed from the others. The first is the difference in cultivation methods: in the growth chamber, the rice plants were grown in Wagner pots, whereas in the other treatments, they were grown in a paddy field. The second is the difference in the temperature fluctuation: there were uniform daytime and nighttime temperatures in the growth chamber, whereas there were natural fluctuations in the field. The third is that the nighttime temperature rose only in the growth chamber.
A close correlation between the percentage of chalky grains in the OTC-SAT and other treatments, except for the growth chamberand between the high-temperature tolerance of cultivars and their response to OTC-SAT-CW treatment (Fig. 7) , showed that the OTC-SAT is as useful as the other methods, including those using a heat source other than solar radiation. The AMeDAS points were listed in the order of the values of A.
6. Areas where the OTC-SAT will be usable OTC-SAT-D/DW was designed for areas where the wind direction is relatively stable in the daytime. To examine the areas in Japan where OTC-SAT-D/DW would be usable, we analyzed the wind direction in August in the major cities in every prefecture of Japan over 3 years (2010 -2012) using AMeDAS hourly records from 0900 to 1500. Table 3 shows the most frequent wind direction in 16-point compass format; the percentage frequency the wind blew from the quarter that included the most frequent wind direction (A); the percentage frequency of the opposite quarter (B); and the percentage frequency of the other winds including windless conditions (C). The sampling points were listed in the order of A values. The higher the value of A, the more the OTC-SAT-D/DW would be useful at that point. OTC-SAT-D/DW would definitely be suitable for use at points with A values higher than that at Takada which is the AMeDAS point nearest to the farm where we performed this research (Table 3) . These OTCs might also be useful at points with A values that are slightly lower than at that Takada if their B or C values are not high. These OTCs might not be suitable at points with high C values, such as Saga, Kanazawa, Fukushima, and Kyoto. However, OTC-SAT-E might be useful at points with high B values, such as at Tottori and Matsue, although the fine-tuning of this technique is needed. The wind direction is affected by local landforms; hence the values in major cities may not applicable to surrounding areas, even within the same prefecture. Before the OTC-SAT is introduced, the local wind direction should be investigated using the nearby AMeDAS points to evaluate the suitability of the OTC or to determine the type of OTC required.
Conclusion
In this study, we developed a high-temperature treatment method (OTC-SAT) that introduces warm air heated by solar radiation into the open-top chamber (OTC). The OTC-SAT raised the temperature only in the day and not at night. Other merits and demerits of OTC-SAT compared to other methods are as summarized in Table 4 . If the wind condition is well matched, OTC-SAT will provide relatively stable and efficient temperature elevation with very few shading effect areas at a low cost. It will be usable to screen high temperature tolerant strains in the field conditions as well as to evaluate the effect of elevated temperature on the crop production or to evaluate the cultivation methods to minimize the effect of elevated temperature. 
